ABSTRACT: The accelerating decrease of Arctic sea ice substantially changes the growth conditions for primary producers, particularly with respect to light. This affects the biochemical composition of sea ice algae, which are an essential high-quality food source for herbivores early in the season. Their high nutritional value is related to their content of polyunsaturated fatty acids (PUFAs), which play an important role for successful maturation, egg production, hatching and nauplii development in grazers. We followed the fatty acid composition of an assemblage of sea ice algae in a high Arctic fjord during spring from the early bloom stage to post bloom. Light conditions proved to be decisive in determining the nutritional quality of sea ice algae, and irradiance was negatively correlated with the relative amount of PUFAs. Algal PUFA content decreased on average by 40% from April to June, while algal biomass (measured as particulate carbon, C) did not differ. This decrease was even more pronounced when algae were exposed to higher irradiances due to reduced snow cover. The ratio of chlorophyll a (chl a) to C, as well as the level of photoprotective pigments, confirmed a physiological adaptation to higher light levels in algae of poorer nutritional quality. We conclude that high irradiances are detrimental to sea ice algal food quality, and that the biochemical composition of sea ice algae is strongly dependent on growth conditions.
INTRODUCTION
An accelerating loss of sea ice in the Arctic has been observed during recent years (Stroeve et al. 2005 , Comiso et al. 2008 , together with a substantial loss of multi-year ice (Maslanik et al. 2007 ). This development has major implications for the underwater light climate and, hence, primary production in Arctic waters, since increasing areas of open water will lead to increased pelagic production (Arrigo et al. 2008) . At the same time, the growth season for sea ice algae will become shorter (Cota et al. 1991) , as they lose their substrate. In addition, they will probably be exposed to higher irradiances than before. Sea ice algae start growing early in the season and are adapted to extremely low irradiances (Johnsen & Hegseth 1991) , as indicated by, e.g., a high chl a:C ratio. Together with nutrient accessibility, irradiance has been identified as the most important environmental factor steering ice algal growth (Cota et al. 1991) . Moreover, these factors largely determine algal nutritional quality in terms of fatty acid composition (Thompson et al. 1990 , Reitan et al. 1994 ) and elemental stoichiometry (Sterner & Elser 2002) with corresponding implications for higher trophic levels (Muller-Navarra 2008) .
Microalgae living in or attached to the bottom of sea ice represent an important contribution to primary production in marine ecosystems at high latitudes (Arrigo 2003) . Even though estimates of their importance for overall annual primary production vary from <1% in shallow coastal areas (Rysgaard & Nielsen 2006) to 57% in the Arctic Ocean , their role for grazers can be crucial, since they are the only accessible food source early in the season (Conover et al. 1986 , Runge & Ingram 1988 , Tourangeau & Runge 1991 , Michel et al. 1996 . The availability of high quality food for grazers early in the season has far-reaching implications for an ecosystem that is strongly restricted in its productivity by extreme seasonality and limited access to light (due to solar angle, sea ice and snow cover). The importance of sea ice algae for grazers is determined not only by the amount of biomass produced but also by their quality. This is in particular true since sea ice algal spring blooms serve as an important food source for female grazers during their reproductive phase (Tourangeau & Runge 1991 , Søreide et al. 2010 . Field and experimental studies have proven that essential polyunsaturated fatty acids (PUFAs) are important for successful egg production, hatching and larval development of zooplankton (Jonasdottir et al. 2005 (Jonasdottir et al. , 2009 .
The fatty acid composition of algae depends strongly on their physiological state and, hence, the environmental conditions they are exposed to. For sea ice microalgae, growth conditions are intrinsically linked to the physical structure of the sea ice and overlying snow cover, and their seasonal changes (Mundy et al. 2005) . At the same time, ice algae also alter the spectrum of photosynthetically active radiation (PAR, 400 to 700 nm) transmitted through the ice. Apart from being essential for primary production, too high irradiance levels can be detrimental, especially under low temperatures (Mock & Thomas 2005) . In phytoplankton blooms, the highest relative amounts of PUFAs occur usually during the early phase of the bloom, often prior to the biomass peak (Skerratt et al. 1995 , Reuss & Poulsen 2002 , Leu et al. 2006a . Algal PUFA content is negatively affected by high irradiances close to the surface under stratified conditions (Leu et al. 2006a, E. Leu unpubl. data) . Field studies of temporal changes in the biochemical composition of sea ice algae are scarce, but some work has been done on seasonal changes in photosynthate allocation to different fractions of macromolecules (Smith et al. 1989 , Lizotte & Sullivan 1992 . The relative allocation of photosynthetically fixed carbon to lipids usually increases towards the end of the ice algal growth season (Smith et al. 1993 , Lee et al. 2008 , as well as the relative content of storage lipids (mainly triacylglycerols, TAGs) compared to structural lipids (Smith et al. 1993 ). According to Smith et al. (1987) , lipid allocation is particularly light-sensitive, compared to polysaccharide allocation. Experimental studies addressing the role of nutrients and light in the lipid and fatty acid composition of ice algae revealed an increase in storage lipid production under N-limitation (Mock & Kroon 2002a) , as well as a growing desaturation of chloroplast membrane lipids under light limitation (Mock & Kroon 2002b) . Especially low-light acclimated sea ice algae react to nutrient depletion and decreasing irradiances by increasing glycolipid production (Mock & Gradinger 2000) .
Biochemical changes in algae due to changing environmental conditions affect not only food quality parameters but also their isotope composition. Stable isotope signals have been applied widely, especially to identify the importance of algae as a food source for different grazers, and to follow their fate in the ecosystem. Ice algae are more enriched in 13 C than phytoplankton (Hobson et al. 1995 , Søreide et al. 2006a , and since the 13 C values of consumers are only slightly enriched (<1 ‰) relative to their diet, it is possible to follow ice algae versus phytoplankton carbon pathways in food webs (Hobson & Welch 1992 , Post 2002 , Søreide et al. 2006a ). However, large variations in ice algae stable carbon values exist (Søreide et al. 2006a , Gradinger 2009 ). Besides problems with contamination of small heterotrophic organisms, the stable isotope composition of ice algae changes according to the isotopic composition of their chemical environment (Fry 1996 , Kennedy et al. 2002 , although changes due to physiological differences cannot be excluded. At present, however, our knowledge is poor considering this last aspect.
A limited number of studies on sea ice algae in the Svalbard area have been carried out (Johnsen & Hegseth 1991 , Hegseth 1992 , Falk-Petersen et al. 1998 ; none of them, however, included a time-series of seasonal development, and most took place in the open sea areas in the Barents Sea.
As pointed out by Søreide et al. (2010) , the timing of reproduction for key grazers in the Arctic pelagic system seems to be tightly linked to the peaks in essential PUFA production by primary producers. The aim of this study was therefore to understand how ice algal fatty acid composition varies over time during the spring productive period, and which environmental factors govern these changes, with a special focus on light. We present here for the first time data about the fatty acid composition of ice algae from early to late-bloom stage, and the steering factors behind the observed changes.
MATERIALS AND METHODS
Study area. During 2007, an extensive seasonal study of the high Arctic fjord Rijpfjorden (Nordaustlandet, Svalbard) was carried out. Land-based sampling campaigns during spring took place in March (1 to 17), 21 April to May 4, June (4 to 10), and July (7 to 19). Rijpfjorden ( Fig. 1) is approximately 30 nautical miles long and is located on the northern side of Nordaustlandet. It is an open fjord consisting of 2 separate basins (Ambrose et al. 2006) , with a maximum depth of about 210 m. The fjord has recently been the object of several investigations, and more details about its bathymetry and hydrography can be found in the studies by Wallace et al. (2010) and F. Cottier et al. (unpubl.) . Two major sampling stations were established (see Fig. 1 ): one in the outer basin of the fjord (SH, 80°15.954' N, 22°17.397' E, depth: 148 m) , and another one in the inner basin (RIB, 80°10.200' N, 22°10.068' E, depth: 175 m) . In addition, a shallow station (BS, 80°13.171' N, 22°22.341' E, depth: 50 m) on the ridge between the inner and the outer basin was sampled occasionally. In April and June, ice algae were sampled several times at all 3 stations, whereas in March, samples were taken only at another locality closer to the camp because of harsh weather conditions. In July, the sea ice had started to break up by the time of our arrival, and ice algae were completely washed out of thawing ice because of high temperatures of surface water. Therefore, biochemical data presented in this study stem mainly from April/May and June.
Measurements of ice thickness, snow depth and light conditions. Ice thickness and snow depth were determined at all sites from which ice cores for ice algae analyses were taken, as well as from the holes drilled for light measurements. Under-ice light measurements were carried out using a cosine-corrected underwater quantum sensor , in combination with a surface reference sensor in air (LI-190, LI-COR) measuring incident radiation at the ice surface. Measurements were taken 1 m from the hole, first underneath an undisturbed site, and were then repeated in the same place after all snow was removed to determine the extent of light absorption caused by the snow cover.
Ice algae sampling. Quantitative samples of ice algae were obtained by using a SIPRE type corer of 12.5 cm diameter. Usually, 3 replicate cores were taken close to each other (approx. 50 to 100 cm apart) at each sampling site. The lowermost part of the core, containing a visible layer of ice algae (5 to 8 cm), was cut off with a saw, protected carefully against light and transported quickly back to the camp. In the field laboratory, cores were thawed slowly in the dark (24 to 36 h) using a thermobox, and 500 ml of GF/F filtered seawater was added to prevent osmotic shock. All quantitative results given in this article are, however, corrected for this dilution. After complete thawing, subsamples of different volumes were filtered on pre-combusted GF/F filters for the determination of particulate carbon (C), nitrogen (N) and phosphorus (P); photosynthetic pigment composition; and fatty acid composition of total lipids. Subsamples of 100 to 200 ml were fixed with buffered formaldehyde and Lugol's solution (both 2% final concentration) for qualitative and quantitative analyses as well as cell size measurements. These measurements were carried out at the Institute of Oceanology of the Polish Academy of Sciences in Sopot under an inverted microscope (Nikon TM-300 at magnifications of 100 × and 400 ×), equipped with phase and interference contrasts and a camera system. The standard method by Utermöhl (1958) was applied. Diatoms and dinoflagellates were identified to the species or genus level, whereas other flagellates were identified to family, or noted as unidentified. Biomasses (µgC m -2 ) of dominating taxa were calculated according to geometrical measurements obtained during the microscopic analyses or from the Institute's own database. Different conversion factors were used for diatoms and non-diatom protist species, following the equations by Menden-Deuer & Lessard (2000) .
Fatty acid and stable isotope analysis. Samples of 100 to 200 ml each from every ice core were filtered onto pre-combusted glass fibre filters (GF/F). For fatty acid analyses the filters were transferred to glass vials with Teflon-lined caps, and 8 ml dichloromethanemethanol (2:1, v/v) were added. The vials were stored at -80°C until analysis. Total lipid was extracted according to the procedure described by Folch et al. (1957) . A known amount of heneicosanoic acid (21:0) was added as an internal standard, and an acid- catalysed transesterification was carried out with 1% sulfuric acid in methanol (Christie 1982) . For a detailed description of analysis by gas chromatography, see Leu et al. (2007) . For stable isotope analyses the filters were kept frozen at -80°C until analysis. Stable carbon and nitrogen isotope analyses were performed at the Institute for Energy Technology, Kjeller, Norway, as described by Søreide et al. (2006b) , and included removal of both inorganic carbon and lipids before analysis.
Stable isotope values are expressed in δ notation as the deviation from standards in parts per thousand (‰) according to Eq. (1):
where X is 13 C or 15 N and R is the corresponding ratio 13 C/ 12 C or 15 N/ 14 N. International standards USGS-24, calibrated against PeeDee Belemnite (Vienna) for 13 C, and IAEA-N-1 and IAEA-N-2, calibrated against atmospheric N 2 for 15 N, were used to determine R standard . Photosynthetic pigments. Samples from each core were taken for a complete analysis of all photosynthetic pigments by high performance liquid chromatography (HPLC). Usually 50 ml of the thawed ice core were filtered onto GF/F filters. The filters were put in liquid nitrogen (-196°C) and later stored at -80°C. The pigments were extracted in 1.5 ml 100% MeOH. The further analysis was done as described by Leu et al. (2006a) . Pigments are expressed as ratios to chl a (by weight).
Elemental stoichiometry. Samples for analysis of particulate C, N, and P were taken from each core. Volumes of 20 ml (100 ml for low biomass cores) were filtered onto pre-combusted (1 h, 450°C) GF/F filters. All samples were stored at -20°C until analysis. Particulate C and N were analysed on a Thermo Finnigan FlashEA 1112 elemental analyser. Particulate P analyses consisted of placing the filters in 15 ml distilled water that was acidified (150 µl, 4.0 M H 2 SO 4 ), adding peroxodisulfate (0.15 g K 2 S 2 O 8 ), and autoclaving (121°C, 1 h). The particulate fraction of P was then analysed spectrophotometrically by the standard ammonium-molybdate method .
Nutrient analysis. Surface water samples for nutrients were taken by a Niskin bottle that was lowered just below the water surface in a freshly made hole at the same sites at which the bottom communities were sampled. Samples were stored frozen until analysis. Nutrients (nitrate, nitrite, silicate and phosphate) were analysed in non-filtered samples by standard seawater methods using a Flow Solution IV analyzer from OI Analytical. The analyzer was calibrated using reference seawater from OSIL Environmental Instruments and Systems.
Statistical analyses. To determine which environmental variables could best explain the variability in ice algae fatty acid composition, a multivariate direct gradient analysis (Redundancy Analysis, RDA), in the CANOCO software 4.5 package for Windows (ter Braak & Smilauer 2002) was performed. RDA is a multivariate form of regression analysis in which, in this case, ice algae fatty acids (FA) and potential explanatory variables were analysed simultaneously to determine which of the explanatory variables best explained the FA variability. To estimate the proportion of variance in the fatty acid composition (%) of sea ice algae that can be explained by a linear combination of predictor variables (called environmental variables in CANOCO), a multivariate direct gradient analysis (RDA) was performed, using the CANOCO software 4.5 for Windows (ter Braak & Smilauer 2002) . A detailed description of this method can be found in the study by Legendre & Legendre (1998) . Fatty acids accounting for <1% in all samples were removed from the data set before analysis, without re-calculating the percentages of the remaining fatty acids. Non-transformed percentage values were used in all analyses. In the RDA, the samples and fatty acids were assigned scores on ordination axes, of which the first 2 axes are shown in the ordination biplot. Environmental variables are represented by arrows, pointing in the direction of maximum variance accounted for by the respective variable. The Monte-Carlo-permutation test was run with 9999 permutations, restricted for splitplot design, with a whole plot consisting of the samples taken on the same day. Whole plots were chosen to be freely exchangeable in the permutation test, while no permutation was allowed on the split-plot level. The marginal effects for all environmental variables were tested, but only the significant ones (p < 0.05) were included in the model by stepwise selection. The overall significance of the model was tested in another Monte-Carlo-permutation test on the first canonical axis with 9999 permutations, restricted for split-plot design as described above.
For testing differences in single variables between months or sites of different transmittance, t-tests were applied, given that variances were homogenous (tested with Levene's test). If they were not, a nonparametric Mann-Whitney U-test was used. For all tests, the threshold for significance was set at p < 0.05. All univariate analyses were carried out using STATIS-TICA 7.0 (StatSoft).
RESULTS

Ice cover and snow depth
During the first days of February, the entire fjord became covered by land-fast first year ice. Ice thick-ness measured in early to mid March ranged from 50 to 70 cm. Until the end of April, the average ice thickness had increased to about 100 cm at Stns SH and BS, and to 78 cm in RIB. The same ice thickness distribution was found in early June. The snow cover, however, changed more dynamically. Due to snowfall during the sampling period in April, the snow depth at SH increased from 11 to almost 20 cm within a few days, and the greatest snow depth was found at the inner basin station (24 cm). In June, the snow conditions were entirely different and characterized by a very patchy distribution of old snow on the sea ice, leading to a highly heterogeneous situation. Sites with almost no snow (< 5 cm) were found close to sites with up to 20 cm of snow, especially at Stns RIB and BS. , respectively (Fig. 2) . For the LL site, this represents an almost 10-fold increase in irradiance due to snow removal. A similar situation was found in the inner basin at RIB, where under-ice irradiances with snow ranged from 10 to 70 µmol m -2 s -1 , and after snow removal from 73 to 120 µmol m -2 s -1 .
Under-ice irradiances/transmittance
Fatty acid composition
The fatty acid composition of ice algae was characterized by high amounts of PUFAs by the end of April. At all 3 sampling stations, PUFAs accounted for 35 to 40% of total fatty acids, while the relative amount of saturated fatty acids (SAFAs) was similar (between 35 and 38%) ( Table 1) . Monounsaturated fatty acids (MUFAs) were mainly represented by 16:1n7 and accounted for 26 to 28%. Diatom biomarkers, such as 20:5n3 and C16 PUFAs, were prevailing among the PUFAs and accounted for almost 1/2 and 1/3 of the total amount of PUFAs, respectively. Furthermore, 18:4n3 and 22:6n3 accounted for roughly 3% PUFAs each. By contrast, ice algal fatty acid composition in June was dominated by MUFAs (almost exclusively 16:1n7), accounting for 44 to 53% of total fatty acids. By June, PUFAs had decreased substantially and made up only 18 to 28% of total fatty acids. More than half of this was attributed to 20:5n3 in all samples. Interestingly, a clear difference between the HL and LL sites at the same sampling station was found; the HL sites with little snow on top were characterized by lower relative amounts of PUFAs and higher 16:1n7 and 16:0 (Table 1) . This difference was more pronounced at Stn BS (where also the irradiance difference was greatest between HL and LL). The sum of SAFAs at all stations accounted for 28 to 31%, not showing any clear differences between HL and LL sites. An RDA of the fatty acid composition of all samples showed 3 (1) all samples taken in April, (2) June HL samples, and (3) June LL samples (Fig. 3) . The environmental factor transmittance ex- 16.4 ± 0.7 17.1 ± 1.7 16.5 ± 1.1 17.9 ± 2.5 13.5 ± 1.2 16.1 ± 1.2 11.1 ± 0.7 12.5 ± 3.6 10.1 ± 0.6 22:0 1.2 ± 0.3 1.4 ± 1.0 0.9 ± 0.8 0.8 ± 0.3 0.4 ± 0.1 0.5 ± 0.2 0.2 ± 0.0 0.3 ± 0.1 0.2 ± 0.0 22:6n3 3.2 ± 0.0 2.7 ± 0.5 2.7 ± 0.6 2.9 ± 0.3 1.7 ± 0.2 1.9 ± 0.3 1.1 ± 0.1 1.2 ± 0.1 1.2 ± 0.1 PUFA 37.7 ± 0.4 38.0 ± 4.4 35.4 ± 4.9 37.5 ± 4.2 24.5 ± 2.6 28.1 ± 2.6 18.2 ± 0.9 20.8 ± 3.4 17.5 ± 1.0 MUFA 25.9 ± 0.8 27.1 ± 6.8 26.6 ± 8.6 25.8 ± 3.6 44.3 ± 5.3 43.9 ± 1.3 51.7 ± 2.0 50.4 ± 1.4 53.1 ± 0.2 SAFA 36.4 ± 1.2 34.9 ± 2.5 37.9 ± 3.8 36.7 ± 1.1 31.2 ± 3.0 28.0 ± 1.5 30.1 ± 1.4 28.8 ± 2.3 29.4 ± 0.8 Table 1 . Fatty acid composition of total lipids for sea ice algae. Shown are means and SD for 3 replicate ice cores. Fatty acids accounting for <1% of total fatty acids in all samples are not displayed in the table. SH, RIB, BS: sampling sites (detailed locations are given in 'Materials and methods'). LL = Low Light; HL = High Light. PUFA: polyunsaturated fatty acids; MUFA: monounsaturated fatty acids; SAFA: saturated fatty acids -1. C:P), they added little to the explanatory power of the model and were therefore not included in the final analysis. The significance of the model was tested for the first canonical axis and proved to be highly significant (F-value: 16.532; p < 0.001).
Nutrient values, elemental stoichiometry and stable isotope ratios
High (winter) nutrient concentrations were found in surface water under the ice from March to June (Fig. 4) . Values for March were a little lower and more variable than those from the other months. A slight reduction in nitrate was found between March-May (8 to 10 µmol l -1 ) and June (7 µmol l -1 ), as well as a small decrease in phosphate concentrations (0.5 µmol l -1 in June vs. 0.6 to 0.7 µmol l -1 in March/April). Silicate concentrations remained largely unaltered. Between June and July, a major depletion of nutrients was observed, principally of nitrate which was consumed to levels below detection limit, while silicate and phosphate were reduced by more than 50% (Fig. 4) .
Molar ratios of C:N in particulate matter collected from sea ice ranged from 10 to 16 in April and from 11.5 to 18 in June ( Table 2 ). The average ratio in April (12.4 ± 2.6) was significantly lower than that in June (14.64 ± 2.9; t-test: p < 0.05). Samples from June that were exposed to lower irradiances (LL-sites) compared with those exposed to higher irradiances (HL-sites) had a significantly lower C:N ratio: on average only 12.7 ± 1.7 vs. 17.6 ± 1.7 (t-test: p < 0.01). Molar ratios of C:P were also found to be on average higher in June than in April (132 ± 21 vs. 101 ± 26, t-test: p < 0.001), whereas no significant difference between LL-and HL-sites in June was detectable in these ratios. N:P ratios did not differ significantly between April and June or between sites with different irradiance. The average values ranged from 8.3 to 9.7 (Table 2) .
The stable isotope ratios for ice algae ranged from -23.1 to -21.0 ‰ for δ 13 C and from 3.3 to 4.3 ‰ for δ 15 N in April (Table 3 ). In June, ice algae were on average 4.5 ‰ more enriched in 13 C than in April (t-test, p < 0.001) ( Table 3 ). In comparison, ice algae were only slightly more enriched in 15 N in June than in April (mean 4.8 ± 0.7 vs. mean 3.5 ± 1.2 ‰, p = 0.024).
Sea ice protists: community composition, biomass and photoprotective pigments
Sea ice protist assemblages were dominated by diatoms accounting for 70 to 99% of cell abundances in all samples, with a higher contribution of non-diatoms in June than in April. Nitzschia frigida, Navicula septentrionalis and Fragilariopsis cylindrus were the most abundant species. This dominance was equally strong when expressed as carbon biomass: diatoms accounted then for 76 to 96% at all times (Fig. 5) . Dinoflagellates were the second most important group of protists, accounting for a maximum 23% of the total carbon biomass. In June, increasing abundances of ciliates were observed; however, they did not exceed 9% of the biomass. The overall ice algal biomass in terms of particulate carbon did not differ significantly between April and June (t-test, p < 0.05). Chlorophyll a values, however, were on average twice as high in April than those in June (Table 3) . Consequently, the chl a:C ratio was significantly lower in June (t-test, p < 0.001). The ratio of diadinoxanthin and diatoxanthin to chl a also increased in June (Table 3 , Mann-Whitney-U test, p < 0.001). Within the June samples, significant differences were found in all variables between HL and LL sites, with lower biomass and lower chl a:C and higher (Dd + Dt):chl a ratios in the HL sites (Table 3) .
DISCUSSION
Changes in fatty acid composition and implications for growth and lipid allocation
The fatty acid composition of sea ice algae in this study was largely dominated by diatom-marker fatty acids, such as 20:5n3, C16 PUFAs and 16:1n7, which was in good agreement with the taxonomic analyses that confirmed the strong dominance of diatom species in the overall algal biomass during the entire sampling period. Total values of PUFAs were highest in April, but their share of total FAs was still lower than the maximum values close to 50% reported for ice algae in the Barents Sea by Falk-Petersen et al. (1998) . Similarly high values were found by Nichols et al. (1993) and McMinn et al. (1999) for ice algae collected in Antarctica. The latter, however, documented a vertical gradient of PUFAs in the ice core, with 50% PUFAs found only in the lowermost 0 to 2 cm of ice cores. The relative importance of PUFAs decreased higher up in the core, which was attributed to nutrient limitation (McMinn et al. 1999) . Another possible explanation, however, may be the vertical irradiance gradient found within the ice. Since our samples represent an integration over the lowermost 5 to 7 cm, we cannot distinguish a similar vertical gradient in nutrient limitation and, hence, food quality. This may be one reason why our values seem to be lower. The high PUFA content described by Falk-Petersen et al. (1998) stems from ice algae samples collected by scuba divers, and therefore these samples come from the lowermost ice algae layer that is relatively loosely attached to the ice and thus has good access to a fresh nutrient supply from the water column. Our data indicate a pronounced decrease of nutritional quality (measured as % PUFAs) in sea ice algae over time. At the same time, the relative importance of 16:1n7 increased strongly. The only other study that followed the development of sea ice algal fatty acid composition over time spanned only 3 wk and did not find similarly clear trends of change (Nichols et al. 1993) . High amounts of 16:1n7 are usually found in TAGs (storage lipids) (Falk-Petersen et al. 1998 , and their relative amount can increase as a consequence of N-limitation (Mock & Kroon 2002a, E. Leu unpubl. data) . Towards the end of the sea ice algae bloom, an increased relative allocation of photosynthate to lipids is seen (Lee et al. 2008) , as well as an increase of neutral (storage) lipids at the expense of polar (structural) lipids (Smith et al. 1993 (Smith et al. , 1997 . Since PUFAs are mostly found in structural lipids that again are the major lipid class during favorable growth conditions, our results fit well into that picture. Microscopic analyses of sea ice algae from Rijpfjorden revealed furthermore the occurrence of droplets that probably represent storage lipids in diatoms sampled in June, but not in April. Contrary to these field data, experimental studies by Mock & Gradinger (2000) showed no increase in storage lipids, but a dominance of glycolipids under decreasing nutri- Potential reasons for an increased allocation of photosynthetically fixed carbon to neutral (storage) lipids can be nutrient limitation (Lizotte & Sullivan 1992) , increased irradiance (Smith et al. 1989) , or generally the transition to the stationary growth phase. In particular, a lack of silicate has been proven to increase the lipid content of diatoms substantially (Taguchi et al. 1987) . Although the nutrient concentrations in surface water in June were still not markedly reduced compared with those in April, the local availability of silicate for sea ice algae may have been limited after a continuous bloom period of several weeks. It is important to note that the observed decrease of nutritional quality took place without any significant changes of average biomass in terms of particulate C.
Algal stable isotope ratios showed a correspondingly strong change for carbon from April to June. A similar increase in 13 C in ice algae was found by Søreide et al. (2006a) when comparing ice algae in good versus poor condition. As discussed for fatty acid composition, taxonomic changes can be excluded as a potential source for this change. Higher abundances of heterotrophic ciliates were found in June than in April. Their overall contribution to biomass, however, was low (ranging from 3 to 9% in June), which the comparatively low δ 15 N values of ice algae in April and June also confirmed. The large variability in sea ice algae δ 13 C values is problematic for the use of stable C isotope ratios in food web studies (Søreide et al. 2006a , Gradinger 2009 ). Hence, a better understanding of the underlying causes is of great interest. Changes in the carbon isotopic composition of ice algae may reflect changes in the isotopic composition of ΣCO 2 in closed or semi-closed environments where replenishment of ΣCO 2 from either atmospheric or advective exchange are limited (Kennedy et al. 2002) . Arrigo et al. (2003) and Tremblay et al. (2006) found a strong positive relationship between ice algal δ 13 C values and sea ice thickness. In our study, ice algal δ 13 C values changed profoundly, although the sea ice thickness remained largely unaltered between April and June. A strong positive correlation has also been found between ice algae δ 13 C values and ice algal biomass (Tremblay et al. 2006 ) but could not be confirmed by us. We therefore argue that rather potential changes in δ 13 C ΣCO2 combined with changes in light and ice algal growth and energy allocation over time account for some of the large variability observed in ice algae δ 13 C values. Apart from nutrient limitation as one major factor affecting ice algal growth and ice algae stable isotope composition (e.g. (Kennedy et al. 2002) , light, as shown in this study, directly affects growth conditions and the biochemical composition of sea ice algae. In fact, in Rijpfjorden light rather than nutrients seemed to be more decisive in explaining some of the 13 C enrichment in sea ice algae since differences in nutrient concentrations were small between April and June. 
Environmental conditions as steering factors (light versus nutrients)
Biochemical changes in ice algae have usually been attributed to either light conditions and/or nutrient supply, with differing conclusions about the importance of these two (see, e.g. Lizotte & Sullivan [1992] , Smith et al. [1993] ). The most common view is that ice algal blooms in their early phase are mostly limited by light availability and later reach a stage at which nutrient depletion regulates predominantly their growth conditions (Gosselin et al. 1990 ). Due to the complex microstructure of the ice, however, it is extremely difficult to obtain realistic in situ measurements of both factors. The use of indirect indicators for nutrient depletion, for example, in terms of elemental ratios between C:N or C:P also requires some caution, since these ratios are influenced by both light and nutrient availability (Sterner & Elser 2002) .
Light, or more precisely, transmittance, was the environmental driver that explained best the changes in algal fatty acid composition observed during our study (Fig. 3 ). It has been described before that high irradiances can be detrimental for the relative amount of PUFAs in phytoplankton (Thompson et al. 1990 , Leu et al. 2006a . As mentioned above, the early phase of an ice algal bloom, however, is usually characterized by light limitation rather than excess radiation (Gosselin et al. 1990 ). Under light-limiting growth conditions, a higher degree of unsaturated fatty acids in thylakoid membrane lipids can be found as a physiological adaptation (Mock & Kroon 2002b ). In the current study, 3 groups of samples could be clearly distinguished with respect to their fatty acid composition (Fig. 3) . Highest amounts of PUFAs were found in the earliest samples, and increasing irradiance was strongly negatively correlated with these essential fatty acids. Sea ice algae showed furthermore several clear indications of a progressive adaptation to higher irradiances, when starting from algae sampled in (1) April, to the samples (2) taken under high snow cover (LL-site) in June, all the way to (3) the samples being exposed to highest irradiances (HL-site) in June. These 3 groups of samples differed significantly in their chl a:C ratios (decreasing with increasing irradiances), as well as their content of photoprotective pigments relative to chl a (increasing with increasing irradiances).
A concomitant increase was found in algal C:N and C:P ratios from April to June. Even though increased irradiances typically also lead to an increase of those ratios (Sterner & Elser 2002) , these changes might indicate a growing nutrient limitation, at least in the case of nitrogen. N:P ratios of 9 are only 50% of what should be expected under non-limiting conditions (Sterner et al. 2008) . C:N and N:P ratios from the entire sampling period indicate that nitrogen supply was not optimal, although nitrate concentrations in surface waters were high and should be available for a substantial part of the bottom ice algae community. In sub-ice assemblages from first year ice in the Barents Sea dominated as well by Nitzschia frigida, C:N ratios between 7 and 10 were found in late May (Hegseth 1992 ). An increase in C:N ratios from 8 to over 20 was seen in sea ice algae in the Canadian Arctic over the same period (April to mid-June, April to mid-May, respectively) (Gosselin et al. 1990 ), indicating a much more severely limited situation than the one found in our study. For the current study, it is important to note that C:N ratios taken at LL and HL sites at the same stations in June (i.e. being exposed to identical ice thickness and nutrient concentrations in surface water) differed strongly. Hence, irradiance has to be the underlying factor causing those differences.
To further clarify the relative importance of light and nutrient availability for the observed changes in % PUFAs, correlation analyses were carried out (Table 4) . The results show no significant correlation between C:N ratios and % PUFAs, while a strong negative correlation was found between transmittance and % PUFAs in sea ice algae (r = -0.74; p < 0.0001). Strong significant correlations between chl a :C and (Dd+Dt):chl a ratios with % PUFAs furthermore underlined the dominating influence of irradiance on the biochemical composition of the algae.
Further implications of changed snow cover
The remarkable variation of algal biomass between sites exposed to high or low irradiances in June are in line with the findings by Mundy et al. (2005) , showing that snow cover is by far the most important variable determining the physical environment for sea ice algae. They also noted that low snow cover (= high irradiance exposure), especially late in the season, led to a decrease of ice algal biomass due to loss of thermal Table 4 . Results from correlation analyses between different environmental factors and the algal content of polyunsaturated fatty acids (PUFAs) and C:N ratios. r: Pearson linear correlation coefficients. Dd: diadinoxanthin; Dt: diatoxanthin insulation and sloughing of algae. This might explain the significantly lower biomass values of sea ice algae found on sampling sites with little snow cover on top in June than in those sites that still were covered by up to 20 cm of snow. Our results indicate furthermore the profound biochemical changes that these algae are undergoing as a response to the seasonal progression of snow and ice conditions.
CONCLUSION
We conclude that light is a major factor affecting the nutritional quality of sea ice algae. Our results furthermore underline the plasticity of both FA composition and stable isotope signature of sea ice algae, depending on growth conditions and physiological state. Their highest nutritional value is found earliest in the season, when usually no other primary producers are present. Although ice algae in general do not necessarily have a higher nutritional value than phytoplankton, their ecological significance is still high because they provide high-quality food so early in the season. 
